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INVESTIGATION OF HEAT TRANSFER TO LEADING EDGE OF A
76° SWEPT FIN WITH AND WITHOUT CHORDWISE SLOTS AND
CORRELATIONS OF SWEPT-LEADING-EDGE TRANSITION DATA
FOR MACH 2 TO 8"

By Dennis M. Bushnell and Jarrett K. Huffman
Langley Research Center

SUMMARY

Local heat-transfer measurements have been made along the stagnation line of a
760 swept fin mounted on a flat plate. Tests were made with and without both single and
multiple chordwise slots cut into the leading-edge region. The tests were conducted at
Mach 8 and over a range of free-stream Reynolds numbers based on leading-edge diame-
ter from 2.9 X 104 to 3 X 105, The smooth-fin data are in agreement with laminar and
turbulent swept cylinder theory, transition occurring at a Réynolds number of approxi-
mately 1.5 X 105, The effect of the slots on the leading-edge heat transfer was to lower
the general level of heating below that measured in corresponding tests with the smooth
fin.

A review of transition data for smooth swept leading edges at stream Mach numbers
from 2 to 8 indicated that transition of the leading-edge boundary layer occurs at free-
stream Reynolds numbers, based on leadihg-edge diameter, from about 1.0 X 105 to
2 X 105 for cylinders having end plates and for fins mounted on flat plates or other adja-
cent surfaces. However, for delta-wing models and cylinders without end plates or any
adjacent surface, leading-edge transition has, in general, not been observed at Reynolds
numbers up to 8 X 105 which is the upper limit of the available heat-transfer data for these
configurations. The lower transition Reynolds number for the fin-plate configurations
indicates that disturbances from the root region propagate along the swept leading edge ‘
and cause premature transition of the inherently unstable boundary layer that occurs for
these configurations. The data from the large single slot tests indicate that the natural
suction associated with the slot partially bled off the stagnation region boundary layer and
therefore had the effect of removing these root disturbances. This effect was indicated by
the fact that the observed heating level along the leading edge downstream of the slot was
in closer agreement with laminar theory for values of free-stream Reynolds numbers
(based on diameter) above 2 x 105,

*Title, Unclassified.




INTRODUCTION

Current studies of possible configurations for use as hypersonic cruise aircraft
generally include the use of highly swept leading edges. These leading edges must be
blunted to some degree in order to reduce the local heat transfer. As shown in refer-
ence 1, the effect of increasing sweep and leading-edge bluntness is to reduce the local
transition Reynolds number. As reference 2 indicates, the leading-edge boundary layer
itself may become turbulent; that is, the transition point may be moved forward to the
leading edge. In order to be able to predict the heat transfer to a swept leading edge, it
is necessary to obtain first a knowledge of the state of the leadmg edge boundary layer,
that is, a transition criteria must be established.

A previous attempt at correlation of the limited available data in the open literature
for "swept cylinders' is presented in reference 3, where a local Reynolds number based
on the theoretical laminar spanwiSe momentum thickness of about 130 seemed to constitute
a transition criteria. Subsequent data (ref. 4) indicate that for Mach numbers of 5.3 and 8
and sweep angles of 459 to 68°, a simple transition criterion based on free-stream
Reynolds number and leading-edge diameter seems to be successful. Howéver the lack
of high Reynolds number data for large sweep angles (greater than 700) makes the appli-
cation of either of these criteria dubious for the large sweep conditions.

The purpose of the present tests is to obtain local-heat-transfer data along the
leading edge of a 76° swept fin over a Reynolds number range sufficient to provide for
both laminar and turbulent boundary-layer flow. These data, along with some previously
unpublished data for a swept cylinder at 72° sweep, are used to determine which of the
available leading-edge transition criteria is the most reliable in the high~sweep region.'
To aid in establishing the best transition criterion,‘ use is made of other available data on
swept leading edges. Also, a fin was tested with small chordwise slots to determine the
effect of the slots upon local~stagnation-line heat transfer and transition. The slots are
1ntended to s1mu1ate typlcal construction details.

SYMBOLS
Cp ’ specific heat
D ‘lea‘ding-_edgei diameter
h heat—trahsfer coefficient
k t»herma_l’ eonductivity
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mass flow rate
Mach number

T - T
recovery factor, -2W___¢€

o'Te

Reynolds number

temperature

velocity

slot width

distance along leading edge (fig. 1)
sweep angle

boundary-layer thickness
viscosity | .

density

Subscripts:

aw

eff

ref

slot

adiabatic wall

local external to boundary layer

effective

stagnation

reference value

slot

wall




fp laminar flat plate

0 free stream, ahead of leading-edge bow shock (except for referenced flight
investigations, where vehicle free stream was used)

D leading-edge diameter
0,y momentum thickness at stagnation lire in spanwise direction
APPARATUS
Tunnel

The tests were conducted in the Langley Mach 8 variable-density wind tunnel. This
tunnel is of the blowdown type and has an axially symmetric nozzle with contoured walls.
The average test-section Mach number variation is from 7.72 to 7.96 for values of stag-
nation pressure from 100 to 1000 psig (698.5 X 103 to 6985 X 103 N/m2 gage) (ref. 5).
The stagnation temperature varied from 780° F to 10000 F (6889 K to 811° K). The test
Reynolds number range based on the 0.75-inch (1.905 cin) fin leading-edge diameter and
free-stream conditions was from 2.9 x 104 to 3 X 105, The ratio of model wall tempera-
ture to tunnel stagnation temperature for the present tests was 0.45 (+0.05).

Models

A sketch of the test configuration is shown in figure 1. Three fins were constructed
of high temperature plastic; two were slotted as shown, and the third was identical in out-
line but without the slots. Photographs of the fins mounted on the plate are shown in fig-
ure 2.

The stainless-steel flat plate was 8 inches (0.203 meter) wide and was mounted
parallel to the test-section airflow. The fins were swept 760 and the leading-edge diam-
eter was 0.75 inch (0.019 meter). The physical and thermal properties of the plastic
used for the fins are as follows:

p, Ib/ft3 (kg/m3) . . . . .. e 136 (2180)
Cpy Btu/Ib-R (J/kg=CK) . . . oottt 0.36 (1.5 x 108)
k, Btu/ft-hr-CR  (J/m-hr-%K) . .. .. ... ... ... 0.3 (1.87 x 108)

TEST PROCEDURES AND DATA REDUCTION

“Heat-transfer data were obtained on the model by the use of the phase-change-
coating technique described in reference 6. This technique, as applied in the present case,




consisted of coating the fin model with a thin layer of a material which undergoes a phase
change from solid to liquid at a known temperature. After the initial temperature of the
fin was measured, the plate and attached-painted-fin model were injected rapidly into an
established airflow, and the time required for the paint to melt at a given station was
recorded photographically with a 35-mm camera of known framing rate. (The model was
cooled to room temperature between tests.) With the time history of the location of the
melt line known from the film record, the local heat-transfer-coefficient distribution was
calculated by using the solution of the transient heat conduction equation for a semi-
infinite slab with a step input of h (ref. 6). To obtain a value of h from the slab-
conduction solution, it is necessary to know Tgy. For the present tests a value of
recovery factor 7 of 0.85 was assumed for laminar flow and of 0.89 for turbulent flow.
The value of 7 used in each instance is indicated in the figure when the data are pre-
sented. Further details concerning this technique are available in reference 6.

The accuracy of the phase-change-coating technique is discussed in detail in refer-
ence 6. Because of the errors discussed in this reference and the probable errors in
determining the thermal properties of the model, the final levels of the heat-transfer-
coefficient data of the present tests are believed to be accurate to within 25 percent. The
maximum scatter is believed to be 10 percent.

DISCUSSION OF TEST RESULTS

Flow Field

Shown in figure 3(a) is a typical schlieren photograph of the weak shock which origi-
nates at a plate leading edge. Measurements of shock angle obtained from these photo-
graphs at the farthest downstream station visible on the photograph indicated that the flow
turning angle would be about 2°. Therefore, the effective sweep of the fin in the present
tests was taken as approximately 78°. This measured shock angle was also used to calcu-
late the effective free-stream conditions which would exist in front of the fin bow shock.
These "effective conditions were then used to find values of Reynolds number Reo D-

Figure 3(b) shows an extrapolation of the leading-edge shock over the portion of the
plate occupied by the fin. This figure indicated that the fin was completely inboard of the
plate shock and therefore shock-impingement effects were not present for the present fin
leading-edge data.

Schlieren photographs of the flow in the vicinity of the fin-plate juncture are shown
in figure 4 for both the smooth and multislotted leading-edge models. . It is apparent from
these photographs that (a) there is no separated flow in the juncture region; (b) the fin bow
~ shock is never exactly parallel to the fin; and (c) as indicated by figure 4(b), the small
slots used on the multislotted fin cause no large disturbances to the spanwise flow,




Smooth Fin Model

Shown in figure 5 are three representative distributions of heat-transfer coefficient
along the leading edge of the smooth fin. For the low Reynolds number test (fig. 5(a)), the
data over most of the fin are in agreement with laminar swept-cylinder theory. There is
a region near the root of the fin (x/D = 3) where the fin bow shock is forming (see fig. 4(a))
and therefore the local pressure is probably higher and the boundary-layer thickness
smaller than would be the case further outboard. These differences could account for the
increase in heating in this region. The data shown for an intermediate Reynolds number
(fig. 5(b)) tend to approach the laminar theoretical level with ihcreasing x/D, and again,
there is an end effect similar to that seen in the previous figure. The high Reynolds num-
ber data shown in figure 5(c) are in general agreement with turbulent theory (ref. 2,

Tref = Te as in ref. 4). Figure 5 therefore indicates that the test Reynolds number range
was sufficiently large to allow both laminar and turbulent stagnation line flow to be
obtained.

In order to obtain the value of transition Reynolds number, data at the x/D = 12
station are shown plotted as a function of Reynolds number in figure 6. Also shown are
the theoretical variations for laminar and turbulent stagnation line flow. The data indi-
cate that transition at the stagnation line, for the swept fin (Aggf = 78°) of the present tests,
occurred at an ROO,D value of about 1.5 X 105, which is the same value of transition
- Reynolds number noted in reference 4 for sweep angles of 45° to 68° and Mach numbers
of 5.3 and 7.95. The present tests therefore apparently extend the simple swept-leading-
edge transition criterion of reference 4 to a sweep angle of 780. The question of the fur-
ther applicability of this criterion is discussed in a subsequent section.

Multislotted Fin Model

Shown in figure 7 is the distribution of heat-transfer coefficient along the stagnation
line of the multislotted fin at several different values of Reynolds number. At Reynolds
numbers less than or equal to 1 X 10° (figs. 7(a), 7(b), and 7(c)), the heat-transfer data are
’generally below those predicted by the laminar swept-cylinder theory of reference 2,
Also, the data downstream of a given slot exhibit a variation similar to that which occurs
in the vicinity of the leading edge of a flat plate. Above a Reynolds number of 1 X 10
(figs. '7(d) to 7(j)), the heat-transfer data immediately downstream of the slots are above
those predicted for a laminar stagnation-line boundary layer, and except for the three
largest values of R p (figs. 7(h) to 7(j)) are below the laminar values further down-
stream. This trend is similar to that exhibited by the data shown in figure 40 of refer-
ence 7 (also for multiple slots) where at 10 slot widths downstream the heat-transfer coef-
ficient also fell below laminar theory. (The Reynolds number for the test results shown
in figure 40 of reference 7 should be 4.7 X 104 rather than the 4.7 x 106 value given in the
figure.) The present trend, however, is different from that of reference 8 where a single




slot was used and the heat transfer decreased monotonically to the laminar value at less
than three slot widths downstream of the slot, and then remained at that level. The only
pressure data available for a slotted configuration are for the single slot tests of refer-
ence 8, where it was found that small increases in pressure occurred immediately down-
stream of the slot.

To obtain a clearer picture of the variation of the data over the test Reynolds num-
ber range, the maximum and minimum values of h measured in the vicinity of the
x/D = 12 station have been replotted in figure 8. Also shown for reference are the pre-
dictions of the theories of reference 2, which were in general agreement with the smooth-
fin data (fig. 6). From figure 8 it is evident that the heat transfer increases rapidly with
increasing Reynolds number., It is believed that this increase is not due to the occurrence
of transition, but rather is a consequence of the increased amount of stagnation-line
boundary-layer flow which can be bled off by the slots at the higher Reynolds numbers.
The basic flow mechanism whéreby a portion of the stagnation-line boundary-layer air is
removed or hled off by the slots is due to the difference in pressure between the
stagnation-line region and the side of the fin. Therefore, the boundary layer must read-
just or partially reform downstream of each slot; that is, each slot creates an end condi-
tion similar to that present near the upstream tip of a swept cylinder without an end plate.
(See sketch (a).) This ""new'" boundary layer forms within an existing viscous region
which is that portion of the upstream boundary layer not bled off by the slot.

To determine whether the use of this flow model would give results consistent with
the trends shown by the data of figure 8, the following discussion is presented. First, the
ratio of undisturbed laminar stagnation-line boundary-layer thickness (as calculated by

éub!ayer
m slot

Sketch (a).- Schematic of postulated leading-edge flow
in vicinity of a slot




the method of ref. 9) to the slot width is shown in figure 9. From this figure it is evident
that for low values of R., p, 6 and w are about the same order of magnitude. Esti-
mates of the mass flow down the slot indicate values which are roughly 5 percent of the
mass flow in the stagnation-region boundary layer for the low Reynolds numbers as com-
pared with 20 percent for the high Reynolds numbers. These estimates of the mass flow
in the slot were obtained by solutions of the one-dimensional conservation equations for
energy and linear momentum applied to the slot flow. This flow was assumed to expand
from the stagnation-line pressure to the pressure level on the side of the fin, the level of
which was taken as the free-stream value. Since it was assumed that the inner portion of
the viscous flow was bled off, the initial temperature of the slot flow was taken as Ty-
Although the slot mass-flow values may be in considerable error because of the approxi-
mate nature of the calculations, the calculations do indicate that less than the total mass _
flow in the stagnation-region boundary layer is bled off by the slots, and that a larger per-
centage is bled off during the higher Reynolds number tests than at the lower Reynolds
numbers.

If the new boundary layer, or sublayer, that forms downstream of each slot is then
assumed to be characterized as a flat-plate laminar boundary layer where at a given

distance from the slot h «< |’Peue“e: the ratio of the heat-transfer coefficient hggp with
the shear layer present to the value without a shear layer is

heff _ [Ue,eff

for the assumptions of viscosity proportional to temperature and constant pressure across
the shear layer. (Sketch (a) for definition of ug ,eff-) From the velocity profiles of ref-
erence 9, the value of —?-?-g—fi ~0.4 if 5 percent of the boundary-layer mass flow is
removed. The computed values of hgp (figs. 7(a) and 7(b)) behind a typical slot (calcu-
lated by the method of ref. 10) would then be reduced by about f— 0.63. If the con-
cepf: of a new sublayer downstream of each slot is correct and if conditions external to
this sublayer were known with certainty, the data, which were reduced by using T, to
obtain T,,,, should be corrected by using the hypothetical-sublayer edge conditions to

obtain a value of Tay eff- For the 5-percent bleed case under consideration,
Toeft

T,
boucl’qdary-layer mass flow removed. From these quoted effective values of u, and T,
and with Ty / To = 0.5, the value of the correction factor (Tay - Ty) / (Taw,eff - Tw) is
computed as approximately 2.0 when the recovery factor is taken as 0.85. Therefore, the
data would be increased by a factor of about 2 if h were based on the hypothetical edge
conditions for the sublayer, and the data would then be in agreement with the theoretical
prediction of 0.63 (hfp). At the higher Reynolds numbers where a larger percentage of

~ 0.7 as obtained from the temperature profiles of reference 9 for 5 percent of the




the boundary-layer mass flow is removed, the ratio Ue eff /ue would increase so that

the local heat-transfer coefficient would increase and tend to approach the flat-plate level.
This expected behavior is apparent in figure 8, where the data appear to be approaching
the level corresponding to the indicated hfp range.

The proposed simplified flow model seems to be consistent with both the trends and
level of the data shown in figure 8. A similar approach was successfully used in refer-
ence 11 for the case of a cone flow expanding onto a cylinder. In this case, the sublayer
formed on the cylinder downstream of the expansion from the cone onto the cylinder.
However, the sublayer approach for the case of slotted leading edges must be considered
as strictly tentative pending further experimental and theoretical investigation.

The present data indicate that for low Reynolds numbers, the stagnation-line heat
transfer may be decreased by using small slots; however, as shown in reference 12, a
leading-edge slot can cause higher heating along the side of the fin where the high-
pressure air exits from the slot. Therefore, the possible reduction in some cases in the
leading-edge heating by the use of small slots would probably be offset by the adverse
effects which can occur on the wing planform. .

Single Slotted Fin Model

Because stagnation-line heat-transfer data for a leading edge with a fairly large
single slot is already available for the laminar flow case (ref. 8), in the present tests of
the single slotted fin, data were obtained only at high Reynolds numbers, where the leading-
edge data on the smooth fin indicated turbulent flow.

The present data for the single slot case are presented in figure 10. The level of
the data upstream of the slot (x/D < 6) is in general agreement with the results for the
smooth fin (see fig. 6) at corresponding Reynolds numbers and indicates turbulent flow
upstream of the slot. The increases in heating measured immediately downstream of the
slot (in this case the slot is large compared with the boundary-layer thickness) are in
agreement with similar trends noted in reference 8.

In the preceding discussion of the multislotted leading-edge data, it was postulated
that the level of heating immediately downstream of a slot was a function of the natural
suction of the leading-edge viscous flow caused by the slot, and it was noted that a possi-
ble explanation of the relative increase in heating in the presence of the slots with Reynolds
number (fig. 8) could be the increased suction which would occur as Reynolds number was
increased. The single slot data are in agreement since for the same Reynolds numbers,
the single slot data (where w = 0.125 in.) immediately downstream of the slot are higher
than the multislotted data (where w = 0.030in.). For the tests with the larger slot, more
natural suction should occur and therefore the heat transfer should increase over that
measured for the small slot case.




However, the increase in relative heating with increasing slot size or Reynolds num-
ber should occur only when less than 100 percent of the upstream viscous flow is removed
by the slot. Once this condition occurs, increases in slot size or Reynolds number (lami-
nar flow being assumed) should no longer cause relative increases in heating, since the
external conditions for the viscous flow donwstream of the slot would no longer change
appreciably. This resulf is borne out by the data of reference 8, where for large slots,
no appreciable effect of slot width and Reynolds number on relative increases in heating
caused by the slot were observed.

It is interesting to note in figure 10 that the level approached by the data downstream
of the slot is lower than the turbulent level reached upstream, and that the data are in
closer agreement with the theoretical swept cylinder laminar prediction.

In reference 8, where the upstream flow was laminar, the final downstream level
was the same as the upstream level. Therefore, the large single slot tested in the present
case seems to have the effect of at least partial laminarization of the downstream leading-
edge flow. This effect is discussed in the next section which is concerned with the cor-
relation of swept-leading-edge transition data.

SURVEY OF TRANSITION DATA ON SMOOTH SWEPT LEADING EDGES

In order to determine the generality of the simple Ro,D transition criterion for
smooth leading edges and to compare it with the more complex {ransition criteria based
on Ré,y given in reference 3, a literature survey similar to that of reference 3 was
undertaken, except that all available data, including data from classified sources, were
used.

The data were divided into two groups. One group involves configurations where
there is some adjacent surface with its own flow field or boundary layer that could affect
at least the root region of the swept leading edge. Tests of swept cylinders with end
plates were assigned to this group as were fin-plate tests. The second group consisted of
tests with models having leading edges which were free of any extraneous disturbance,
that is, research delta-wing models and fins with sharp or blunted prows. Tests with
cylinders attached to plates were assigned to group 1 when the plate was attached to the
upstream end of the cylinder, whereas tests with no plates at the upstream end of the
cylinder were assigned to group 2. The data were divided into these two different groups
because, as indicated in references 13, 14, and 15, disturbances in a root region can
propagate along a swept leading edge and affect transition of the entire leading-edge
boundary layer.

Two types of correlations are attempted, one using the simple criterion (ROO’D) of
reference 4 and the other the slightly more complex criterion (R‘9 Y) of reference 3.
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Included in group 1 data (fin-plate configurations) are the results of tests run on a 72°
swept cylinder at M = 7.95 during the investigation reported in reference 4 but not pre-
sented in that reference. Details of these tests are therefore presented in the appendix
of the present paper.

Fin-Plate Type Configurations

Shown in figure 11(a) is the identification of the symbols used in figures 11(b) and
11(c). The data plotted in these figures are for a range of Mach number from 2 to 7.95
and include both wind-tunnel and flight-test data (refs. 16 to 30). The data in terms of
the simple R_ D parameter are shown plotted in figure 11(b). There are available only
a limited number of investigations where transition actually occurred (that is, for most
tests the stagnation-line boundary layer was either laminar or turbulent over the entire
test range). The transition Reynolds number range is inferred from the state of the -
stagnation-line boundary layer; laminar, transition, or turbulent by comparison with
swept-cylinder heat-transfer theory. Since during the flight tests cited (refs. 21, 23, 25,
and 27), the test fins were mounted fairly far back on the carrier vehicle, the assumption
was made that the effective ""free-stream' Reynolds number for the fins, was the same as
the free-stream Reynolds number of the carrier vehicle.

From figure 11(b) it is evident that the simple R00 D~ 2X 109 transition criterion
is applicable for sweep angles greater than 40°. Within the range of the avaijlable data,
the effects on transition of Mach number and the ratio of wall temperature to total tem-
perature cannot be discerned. Therefore, for group 1 configurations and sweep angles
greater than 400, the simple transition criterion of reference 4 seems to be of suitable
accuracy for engineering use for Mach numbers between 2 and 8.

The transition criterion of reference 3 (RG,y) is of a more general nature than the
Reo D criterion. The data are plotted in figure 11(c) in terms of the Ry y parameter,
as calculated by the method of reference 3. From this figure'it is evident that a value
of Re,y of around 200 would seem to be a reasonable transition criterion over the ent'ire
sweep angle range. The fact that the data correlate in terms of Re,y as well as ROO’D
for A > 40° indicates that Rg,y is not a strong function of Mach number and sweep -
angle for sweep angles greater than 40°, since Re,y = f(Roo,D,Mw, A). For extrapolation
up to higher Mach numbers, the Re,y criterion would presumably be superior because
it includes an effect of Mach number. However, because of its simplicity, for the range
of applicability noted previously, the ROO,D criterion would probably be more convenient
to use.

11




Undisturbed- Leading-Edge Configurations

The data for the second group of configurations are shown in figure 12. Again,
part (a) is an identification of the various symbols used in parts (b) and (c). The Mach
number range of the data is from 2.5 to 10, The data are plotted in figure 12(b) in terms
of the R, D parameter. It is apparent from the figure that only in one investigation has
turbulent flow been obtained along the leading edge. As shown, the data available (refs. 31
to 45) indicate that the transition Reynolds number for these types of models is of the
order of 8 X 105 or greater, a value which is a factor of 4 above the value for the fin-plate
configurations already discussed. As only one investigation has obtained turbulent
leading-edge flow for these types of configurations, it is not yet clear when transition
would occur on these shapes, especially on those with sharp prows. For shapes with blunt
prows at high enough Roo,D, transition due to conventional instabilities could occur in the
nose region before the flow reaches the leading edge. Presumably, this condition could
cause turbulent flow to occur along the leading edge, whereas with a sharp prow the flow
might be laminar. This condition may be the cause of the transition for the turbulent
data shown in figure 11(b) since the model used was very blunt (ref. 44). Therefore, as
one would expect from the discussion of references 13, 14, and 15, leading-edge transi~
tion is delayed where there is no root disturbance.

The data are plotted in terms of the Ry y parameter in figure 12(c), and when this
figure is compared with figure 11(c), conclusions similar to those for figure 12(b) can be
drawn; that is, the transition Reynolds number for these "undisturbed" configurations is
considerably higher than that for the fin-plate type of models.

As an adjunct to this conclusion, it is pointed out that as reported in reference 16,
tests were conducted with a 452 swept right circular cylinder attached to a plate and
swept forward and rearward. For the tests with the cylinder swept forward (there was
no end plate and the end of the cylinder was parallel to the airstream), there would be a
minimum of root disturbance. The heating rate for this case was consistently at most a
third of that measured on the cylinder when it was swept rearward. For the rearward
sweep case, the contamination from the plate boundary-layer flow could propagate along
the leading-edge boundary layer on the cylinder. These tests support the general conclu-
sion arrived at by comparison of figures 11(b) and 12(b) or 11(c) and 12(c) that the root
contamination causes early transition of the leading-~edge boundary layer.

In connection with the conclusion that leading-edge transition is caused by "root"
contamination, there is a possibility that one or more large slots similar to those used in
the present case, if located on the fin near a juncture re'gion, could be used to bleed off
ndisturbed' leading-edge flow and thereby delay transition. A similar concept, using a
"bump," was proposed in reference 13. As reported in references 14 and 15, both slots
and bumps have been used successfully at subsonic speeds in connection with the X-~21
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program. The present results for the single slot tests (fig. 10) indicate that the effect of
a large slot is to bleed off the "disturbed' root flow. As noted in the discussion of the
present single slot data, the data downstream of the slot are in closer agreement with the
laminar prediction than the turbulent prediction, whereas the level upstream of the slot
was in agreement with the turbulent prediction. This result indicates that partial lamj-
narization of the leading-edge flow occurred because of the action of the slot. Much more
work will have to be done toward optimization of a slot configuration, especially the
decreasing of the interference heating on the sides of the fin (ref. 12). Also, it may be
possible to modify the downstream lip of the slot and decrease the high heating inimedi-
ately downstream, without compromising the ability of the slot to make the flow laminar,

CONCLUSIONS

An investigation has been conducted of the heat transfer to a 76° swept fin with and
without single and multiple chordwise slots and mounted on a plate. The tests were con-
ducted at Mach 8 and over a Reynolds number range of 2.9 X 104 to 3 x 105 based on
effective free-stream conditions ahead of the fin bow shock and fin leading-edge diameter.
The following conclusions can be made: [

1. The heat transfer along the smooth-fin stagnation line could be predicted by
swept cylinder theory for both the laminar and turbulent boundary-layer conditions.

2. Transition of the leading-edge boundary layer for the smooth fin occurred at a
value of free-stream Reynolds number, based on leading-edge diameter, of approximately -
1.5 x 109, '

3. The effect of the chordwise slots at low Reynolds numbers is to lower the general
level of heating along the leading edge below the corresponding plain fin value. A plausi-
ble flow model is proposed that appears to be consistent with the trends and level of the
observed heating. The data for the single slot indicate that partial laminarization of the
leading-edge flow occurred and was evidently caused by the slot.

4, A survey of heat-transfer data on swept leading edges indicates that root contam-
ination from the region of intersection with an adjoining body causes transition to occur at
a much lower Reynolds number than for an "undisturbed" leading edge such as a delta-
wing model.

5. A simple transition criterion of a Reynolds number based on free-stream condi-
tions and leading-edge diameter of 2 X 109 is generally applicable for sweep angles
greater than 400 and for Mach numbers from 2 to 8 for the case where root contamination
of the leading-edge flow occurs. For configurations having "undisturbed" leading-edge
flow, the transition Reynolds number is in excess of 8 X 105, and the actual value is not

13



“CONPFIDENERAL,
presently known because of a scarcity of data for undisturbed 'conﬁgfurations above
Reynolds numbers of 8 X 105,

6. For the ''disturbed" leading-edge flows, a transition criterion of Reynolds number
based on local conditions and spanwise momentum thickness Ry ,y of approximately 200
is generally applicable for sweep angles greater than 10° and for Mach numbers from 2
to 8.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 3, 1967,
129-01-08-38-23.
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APPENDIX

HEAT-TRANSFER DATA OBTAINED ALONG THE STAGNATION LINE
OF A 720 SWEPT RIGHT CIRCULAR CYLINDER

The purpose of this appendix is to present the results of an investigation of the local
heat transfer along the stagnation line of a right circular cylinder swept 720 with respect
to the free-stream flow. The data were obtained during the investigation reported in
reference 4 but have not been previously published. Details as to model construction,
instrumentation, and test procedures, and data reduction are available in that reference.
However, a brief summary of this information is given here.

The data were obtained by the transient heating technique using a thin-skinned
thermocouple-instrumented model. The tests were conducted in the Mach 8 variable-
density tunnel, the same facility as was used in the present swept fin tests.

The only difference between the model used in reference 4 and the one used to
obtain the 720 swept cylinder data reported herein is that the size of the elliptically shaped
end plate used to cap the cylinder was reduced so that instead of a protrusion of 0.25 inch
(0.635 cm) from the outside of the cylinder, the protrusion was 0.12 inch (0.305 cm).
This modification was made in an attempt to reduce tip interference on the cylinder
stagnation-line flow. In the present tests both the end of the cylinder and the top of the
end plate were parallel to the free-stream flow.

Schlieren photographs of the flow over the cylinder in the vicinity of the end plate
are shown in figure 13 for two values of Reynolds number. From these photographs it is
evident that the cylinder bow shock does not become parallel to the cylinder for several
diameters from the tip. Also apparent is that the end plate seems to cause only a small
disturbance to the cylinder bow shock, as would be expected because of the small size of
the end plate and the fact that it is parallel to the free-stream flow. Schlieren photo-
graphs shown in reference 4 indicate a much larger disturbance caused by the end plate
used therein,

The stagnation-line heat-transfer distribution is shown in figure 13 where the
measured heat-transfer coefficient has been plotted against the distance along the stag-
nation line from the end of the cylinder where the end plate is attached. The data of fig-
ure 14(a) are for a low Reynolds number test, and the data are in agreement with laminar
swept cylinder theory (ref. 2) where a bow shock swept parallel to the cylinder has been
assumed. The distribution along the cylinder is fairly flat; thus, the flow at least approx-
imates that over an infinite swept cylinder. The data for an intermediate Reynolds num-
ber are shown in figure 14(b). The data, although a fairly flat distribution is indicated,
have a level which is between the laminar and turbulent swept cylinder theories (the

15




APPENDIX |
turbulent theory is again from reference 2 where T,.of has been assumed equal to

Te as inref. 4). The high Reynolds number data are shown in figure 14(c). The data
at small x/D values (near the tip or end plate) begin at a transitional level but become
fully turbulent for x/D > 4. Evidently, the stagnation-line boundary layer requires a
finite spanWise distance to become completely turbulent, at least for the high sweep angle
of these tests. Data for a 600 swept cylinder shown in reference 4 indicate a similar
phenomenon.

A summary plot of the measured heat-transfer coefficient as a function of Reynolds
number at x/D = 4.3 is shown in figure 15. Also shown in this plot are the turbulent
and laminar swept cylinder theories. Comparison of the measured data with the theories
indicates that although transition begins to occur at R, p = 1.5X 109 and is in agree-
ment with the data of reference 4 for 450 = A = 680, the’ smaller end plate appears to
delay the development of fully turbulent stagnation-line flow until a higher Reynolds num-
ber; that is, the flow appears to be transitional over a wider range of Reynolds number.

16
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(a) Smooth leading-edge model.

Figure 2.- Photographs of fin models mounted on plate.
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{b) Multislotted leading-edge model. L-66-9171

Figure 2.- Continued.
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L-67-5098

{c) Single slotted leading-edge model.

Figure 2.- Concluded.



: L-67-6629
(a) Schlieren photograph showing leading edge of flat plate and weak plate leading-edge shock.

 Dplate Shock
Measured

i  Extrapolate
Air flow e

Régioﬁ { o ,
e on

Plate -
(b) Sketch showing that extrapolated plate shock would not intersect model.

Figure 3.- Schlieren photograph and sketch of flow field showing position of plate leading-edge shock in relation to fin leading edge.
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(b) Multislotted leading-edge fin. ' L-67-6630 -

Figure 4.~ Schlieren photographs of flow in vicinity of intersection of fin and plate for both smooth and multislotted leading-edge fins.
My, = T.87; Ry = L12 X 10% T, /T, = 0.4.
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Figure 10.- Distribution of heat-transfer coefficient along stagnation line of single slotted fin.
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Symbol M, Tw To in. po A, deg Configuration Reference
O 6.86 0.6 |05 |1.27 | 20,40,60,75 | Cylinder without end plate 3]
i1 2.65 t04.44 8 2.8 7.11 45 Cylinder without end plate 18

(swept forward)

Ee 8.0 3 754 | 1.91 73 Delta wing 7
A 9.6 45 a5 119 70 Delta wing 32
N 6.8 8 75 |19 70 Delta wing 32
D 4.95 6 5 |l7 60 Delta wing 33
0O 6.8, 9.6 .6 1 2.54 80 Delta wing 34
O 8.08 4 102 | 259 73  Delta wing 35
O | 351,465 8 |10 |254 70 Delta wing 36
[o] 4.95 6 75|19 60 Delta wing 37

ol 9.86 34 |10 |25 70 Deltawing 38
S 9.6 34 | 1 254 60, 75 Delta wing 39
X Up 10 9.8 1 2 508 82 Delta wing (flight) 40
N4 8.08 34 | 15 |38 | 60,70,8 | Deltawing 41
X 8.1 4 |16 | 406 73 Delta wing 42
of 6.0 10 | 238 | 604 | 455565 | Finwithbluntprow 03
. 8.0 34 | 238 | 604 | 455565 | Finwith bluntprow 03
{ 4.0 10 | 238 | 604 | 455565 | Finwithbluntprow 03
Y 8 34 | 238 | 6.04 30, 60 Fin with blunt prow 44

0 4 1.0 | 238 | 6.04 30,50 | Fin with blunt prow a4

In 6.08 6 626 | 1.59 75 Delta wing 45

& 25,3,4 | 10 04 | 010 15,30,45 60 | Sweptslab 1

A 10 3 |2 |s508 % Swept slab 8

(a) 1dentification of symbols used in figures 12(b) and 12(c).

Figure 12.- Correlation of "undisturbed”' swept-leading-edge heat-transfer data from research delta-wing models
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Figure 13- Schiieren photographs of flow over 720 swept cylinder.

L-67-6631

M, = 7.95.
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